Phytochrome extracted from shoots of dark-grown rye (Secale cereale cv Rymin) and oat (Avena saliva cv Garry) as the far-red-form (Pfr) and/ or under conditions conducive to oxidation exhibited a blue shift in the visible absorption maximum of its red-light-absorbing form (Pr) relative to that measured in vivo. This spectral alteration could not be reversed but could be prevented by inclusion of 10 millimolar diethyldithiocarbamate and 140 millimolar 2-mercaptoethanol in homogenization buffers. Similar blue shifts were induced in purified rye phytochrome by addition of the sulfhydryl-modifying reagent, 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB). In spectrally normal phytochrome (i.e., no detectable blue shift), Pfr had three to four more sulfhydryls available for rapid reaction with DTNB than did Pr. This difference was maintained over a 2.5-hour time course. Phytochrome purified under conditions resulting in a blue-shifted Pr absorption maximum exhibited a decreased short-term reactivity of Pfr to DTNB. Comparison of the binding and elution of altered and unaltered phytochrome from agarose-immobilized Cibacron blue 3GA confirmed that the Pfr form of spectrally normal phytochrome had a greater affinity for the dye than did the Pr form but that spectral alteration of phytochrome was accompanied by a loss of this difference as evidenced by an increased binding of Pr to the dye. It was concluded that phytochrome has highly reactive sulibydryl residues located on the portion of the protein that undergoes conformational changes on interconversion of Pr and Pfr and that these residues require rigorous protection in order to extract the native form of the protein from plant tissue.
The native Mr of phytochrome from dark grown rye and oat seedlings is about 124 kD, but the protein is susceptible to a Prspecific proteolysis during isolation, which produces a variable mixture of polypeptides with M, ranging from 114 to 124 kD (10, 24) . This limited degradation is accompanied by significant changes in the spectral properties of the protein and an increased dark reversion of Pfr to Pr (9, 25, 27 ) , indicating that the region of the protein that is lost on proteolysis is important in stabilizing the native structure of phytochrome. Considerable attention has been focused on avoidance of this proteolytic degradation during purification of phytochrome for molecular studies. Two tactics that have been reported to reduce this phenomenon are extracting phytochrome in its Pfr form (26) and minimizing the use of reducing agents (13, 26) to avoid activating sulfhydryl-containing proteases (see Ref. 16) .
The purpose of this report is to demonstrate that the conditions utilized to reduce proteolysis actually promote another irreversible alteration during purification of phytochrome. Conditions are described for preventing this alteration. It will be shown that at least part of this alteration involves highly reactive sulfhydryl groups near the surface of the protein that are exposed to the solvent on conversion of Pr to Pfr. The importance of these sulfhydryl groups to biochemical studies of phytochrome is illustrated by the fact that their alteration significantly changes the physicochemical properties of that part of the protein that undergoes conformational changes during phototransformations of the molecule to its active state.
The major goal of biochemical studies of phytochrome has been the characterization of physicochemical changes that take place in the protein on phototransformation of the biologically inactive form (Pr) to the active form (Pfr) . An understanding of these molecular details should indicate the as yet unknown biochemical action of phytochrome in the plant cell. It is a basic assumption in these studies that phytochrome must be isolated from the plant in its native state, i.e. with the potential to The precipitated pool of eluted protein was suspended in 100 mM K-phosphate (pH 7.5), 84 mm 2-ME containing 1 inhibitor unit per ml of bovine a2-macroglobulin (Boehringer-Mannheim) and applied to an Affi-Gel Blue (Bio-Rad Laboratories) column equilibrated with 100 mm K-phosphate (pH 7.5), 84 mm 2-ME. The column was washed with equilibration buffer followed by the same buffer containing 500 mm KCl. Phytochrome was eluted with equilibration buffer containing 10 mm FMN, concentrated, and passed twice through a Bio-Gel A-1.5m column equilibrated in 100 mm K-phosphate (pH 7.8). The final step was performed in the absence of 2-ME if sulfhydryl modification experiments were to be performed, otherwise the protein was kept in a low level of reductant and frozen in liquid nitrogen.
Spectrophotometric Measurements. All spectral assays were performed at 8°C with an Aminco DW-2a spectrophotometer that was calibrated for wavelength accuracy with a Holmium Oxide filter purchased from the instrument manufacturer. Absorption spectra of purified phytochrome solutions were measured in 1-cm pathlength cuvets after saturating irradiations at 660 nm and 730 nm with a tungsten halide lamp filtered by 5 cm of water and the appropriate interference filter.
Difference spectra of dark grown plant material were obtained using coleoptile segments from 4-d-old rye seedlings and mesocotyl segments from 5-d-old oat seedlings. Tissue was placed in a 0.8-cm pathlength spectrophotometer cell with cylindrically shaped aluminum sides to minimize stray light. Two layers of laboratory tissue paper were placed in an identical reference cell and the cells were placed as close to the end-on photomultiplier as possible. The plant tissue was irradiated for five minutes with red light to insure photoconversion of any protochlorophyll present. Difference spectra were then obtained by subtracting absorption spectra after saturating red and far-red light.
Electrophoresis. Discontinuous dodecyl sulfate-PAGE was performed according to Laemmli (12) except that lithium dodecyl sulfate (Gallard/Schlesinger, Carle Place, NY) was substituted for sodium dodecyl sulfate and the electrophoresis was performed at 4°C (4) . Protein was detected on the gels by staining 
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Spectral Studies. The Pfr minus Pr difference spectra of phytochrome in dark-grown rye and oat shoots were very similar but not identical, with visible maxima and minima occurring at 734 nm and 666 nm in rye coleoptiles and at 732 nm and 669 nm in oat mesocotyls (Fig. 1 , spectra Al and Bi). Although these differences could be easily overlooked, they were consistently observed in vivo and in extracts of phytochrome if high levels of reducing agents were present (Fig. 1 , spectra A2 and B2). It was noted, however, that extraction as Pfr resulted in an absorption maximum for Pr that was blue-shifted relative to that measured in vivo and that this phenomenon was promoted by the absence of 2-ME ( Fig. 1 , spectra A3 and B3). Conditions that influenced this blue shift in extracts of rye and oat tissue are summarized in Table I . Inclusion in the crude extract of a reducing agent, 2-ME or NaHSO3, or a polyphenol oxidase inhibitor, DIECA, decreased the extent of the blue shift. Extraction of fresh tissue using a mechanical blender resulted in a greater blue shift than extraction from a lyophilized powder of the tissue, and Pfr was more susceptible to the shift than was Pr. All of these conditions except the last indicated that an oxidative phenomenon was occurring. The protective effect of reducing agents appeared to be a function of total concentration rather than reducing potential. Even at concentrations exceeding those normally used in plant protein extractions the same blue shift could be observed, especially when extracting as Pfr and/or extracting from fresh tissue. Under the conditions of these experiments it was found that inclusion of 140 mm 2-ME and 10 mm DIECA in extracts of rye and oat tissue prevented the appearance of any detectable spectral shift (Table I, Fig. 1 ). Lower levels of reductants, either with or without DIECA, did not always prevent this blue shift (Table I) . Once this shift occurred it could not be reversed, even by extensive dialysis at pH 7.8 in phosphate buffer containing 2-ME and EDTA. This indicated that the spectral phenomenon Normalized phototransformation difference spectra of phytochrome from dark-grown rye (A) and oat (B) seedlings. Comparison of Pfr minus Pr spectra of phytochrome in vivo (Al, B1) with phytochrome purified through the brushite step of the procedure described in "Materials and Methods" (A2, B2) and by the same procedure without reducing agents except for 14 mM 2-ME in the brushite elution (A3, B3).
The bar represents absorbance values of 0.005 for spectrum Al, 0.05 for spectra A2, A3, B2 and 0.01 for spectra Bi and B3. was not a result of disulfide bond formation as this reaction is usually reversible under these conditions. The visible absorption spectrum of phytochrome extracted from dark-grown rye seedlings with limited reducing agents clearly revealed a blue shift of the Akrmax but essentially no other resolvable differences from spectrally normal phytochrome (Fig.  2) . These preparations of phytochrome did not differ significantly in their Akmmac, Ammax, AAPr/AAPfr or their APfrmax/APrmax; all of which are parameters used to evaluate the spectral integrity of phytochrome (17, 26) .
Both spectrally normal and blue-shifted preparations of phytochrome migrated in dodecyl sulfate-PAGE as a single polypeptide of Mr identical to that reported by Vierstra and Quail as 124 kD (24) (Fig. 3) . This indicates that none of the phenomena reported here was the result of proteolytic alterations of phytochrome.
Blue shifts in the APrmax similar to those in Figure 2 similar to that occurring in crude extracts (Fig. 4) . This spectral alteration was limited to a blue shift of about 3 to 4 nm in the APrmax and an overall bleaching of the absorption spectrum of about 10 percent. The fact that a low molar ratio of DTNB to phytochrome produced this spectral effect indicated that it was the result of the alteration of one or a few of the most reactive sulfhydryls on phytochrome.
Sulflhydryl Reactivity of Phytochrome. Sulfhydryl groups were quantified using highly purified rye phytochrome extracted as Pfr either (a) in 140 mm 2-ME and 10 mm DIECA (unaltered phytochrome) or (b) with no reductant in the crude extract followed by low levels throughout the remainder of the purification (altered phytochrome). The Pfr form of unaltered phytochrome exhibited a greater reactivity than did Pr during the first 20 min of reaction with DTNB, at which time a difference of about 3 residues of sulfhydryl per phytochrome molecule was evident (Fig. SA) . If these values were corrected for the actual photoequilibrium concentration of Pfr expected under the conditions of these experiments (0.89 Pfr and 0.11 Pr) (11), the difference in reactivity at 20 minutes would actually represent 4 more sulfhydryls on Pfr than on Pr. In contrast, the Pr and Pfr forms of altered phytochrome had the same number of immediately reactive sulfhydryls (Fig. SB) (2) . In this study the prevention of spectral alteration 6 6 Pr by reducing agents and a polyphenoloxidase inhibitor and the mogenization of the plant tissue. This is known to occur commonly in plant extracts (14) , and sulfhydryl groups are among 050 100 0 50 100 15so the amino acid side chains most reactive with quinones (15) . It TIME (min) should be noted, however, that we have not directly investigated IG. 5 . The reaction of an 850:1 molar excess of DTNB with phy-phytochrome for the presence of quinone chromophores nor have we any direct evidence concerning the nature of the reactive rome at 8°Cinr K-phosphate (pH 7.8), 0.5 mM EDTA. A, The reac-species that alters phytochrome nivity oi ine rr ana r-ir iorms oi sput;;ranly nlUllildl pupuLaumllUII ktiis same as in Fig. 2) ; B, the reactivity of the Pr and Pfr forms of spectrally altered phytochrome (the same as in Fig. 2) . Pfr indicates the photoequilibrium mixture of Pfr/Pr (0.89/0.11) obtained with red light.
of Pfr over Pr for the first 20 minutes of less than one sulfhydryl residue per phytochrome monomer (a difference of one if corrected for photoequilibrium concentration of Pfr and Pr). A closer look at the first few minutes of reaction with DTNB (insets to Fig. 5) showed that spectral alteration was accompanied by a reduced number of immediately or rapidly reacting sulfhydryl groups on Pfr but no change in reactivity of Pr. The long-term sulfhydryl reactivity of both Pr and Pfr were significantly increased in spectrally altered phytochrome.
Cibacron Blue 3GA Binding to Phytochrome. The dye Cibacron blue 3GA has been used to probe structural differences in Pr and Pfr (20) . It has been shown that Pfr has a greater affinity for the dye and that FMN will release Pr from the dye more readily than Pfr. It has also been observed that mixing of the dye with phytochrome at molar ratios from 1:1 up to 10:1 results in a blue shift such as described in this report (3) . Table   Table II (1) also demonstrated that modification of sulfhydryl groups would produce a selective spectral modification of the Pr form. Similar results to the ones presented here were obtained by them even though they were probably working with a significantly degraded species of 60 kD (5) .
Reaction of DTNB with altered and unaltered phytochrome clearly showed that phytochrome with a blue shifted APrmax had fewer rapidly reacting sulfhydryl groups on Pfr (insets to Fig. 5) . Extension of this analysis to slowly reacting sulfhydryls, which were presumably buried within the protein, revealed that the reactivity of the Pr form was actually increased by the alteration so that the overall sulfhydryl reactivity of the Pr and Pfr forms were virtually identical and occurring at a greater rate than in unaltered phytochrome. This suggested that the spectral alteration of phytochrome was accompanied by a conformational change of Pr to a more open structure exposing additional sulfhydryl groups and thus increasing their reactivity.
There have been other investigations of differences in reactive sulfhydryls on the Pr and Pfr forms of phytochrome (reviewed in Ref. 21 ), but only two that have attempted to quantify the relative reactivity of Pr and Pfr. Hunt and Pratt (8) have estimated the exposed cysteines on oat phytochrome by observing their reactivity to DTNB. The reaction time courses were limited to about 10 min but were remarkably similar to our results with altered rye phytochrome (Fig. SB) . They interpreted their experiments as indicating that Pfr had one more exposed cysteine than Pr. Hermann and Muller (7) have studied the modification of sulfhydryl groups on rye phytochrome by mercury and DTNB. They noted a blue shift of the Pr absorption maximum on reaction with these agents but also observed considerable DTNB-induced bleaching of the Pfr form, which we did not see in these studies. In contrast to our results they saw no difference in the reactivity of Pr and Pfr to DTNB and found a total of only 3 sulfhydryl groups during a 150-min incubation, a time period in which we measured 11 sulfhydryls on Pr and 14 to 15 on Pfr. We cannot explain how our results differ so greatly except to note that the A28JA567 (total protein/phytochrome) of their preparations was 1.9 as compared to values of about 1.0 for pure phytochrome (22).
It has been suggested that Cibacron blue 3GA might be a probe for an active site on phytochrome because of its differential binding to Pr and Pfr (20) and because this dye and others have been shown to bind selectively to such domains on a la. -c number of proteins (6, 23) . This dye binding phenomenon has been utilized as a basis for purification of phytochrome from dark grown rye seedlings (22) and has been adapted for the purification of phytochrome from oats (19, 26) . The results here showed that spectral alteration of phytochrome was accompanied by a loss of the Pr/Pfr difference in dye binding affinity due to an increased affinity of the Pr form of phytochrome for the agarose-immobilized dye. Vierstra and Quail (26) found that oat phytochrome extracted as Pfr in low levels of reductant had a considerably higher affinity for blue agarose as Pr than had been previously reported by rye phytochrome (20, 22) . They found that addition of 250 mm KCI to the phytochrome-eluting buffer improved the recovery of the protein to levels comparable to those reported by Smith and Daniels (22) . In the present study inclusion of KCl in the buffers used in the dye binding experiments resulted in a much improved recovery of altered phytochrome from the columns. This suggested that Vierstra and Quail's phytochrome preparations were subject to the same alteration as reported here. The binding of phytochrome to this dye has been shown to be highly hydrophobic, and the differences in binding of Pr and Pfr have been interpreted as being due to an increased hydrophobicity of the protein on conversion of Pr to Pfr (20) ; however, the fact that the increased affinity of unaltered Pfr over Pr is negated by 250 mm KCI (Table II) indicates that the greater affinity of Pfr for the dye might actually be ionic in nature. This study shows that highly reactive sulfhydryl groups are exposed to the surface of phytochrome although it does not rule out the possibility that other reactive amino acid side chains could also be exposed. The Pfr form of the protein is more susceptible to alteration of these groups, yet the observable changes in phytochrome are manifested in the Pr form of the protein. Both the DTNB reactivity and dye binding results point to the possibility that the Pr form has been chemically altered in such a way as to force it into a conformational state very similar to that of Pfr. If this is true then further studies of this alteration under defined conditions (such as sulfhydryl group alterations) could further our understanding of the conformational changes in the protein that accompany the phototransformations of phytochrome.
The results in this report also show that a highly reactive area on the surface of phytochrome is susceptible to irreversible alteration during purification. Preparations that showed no abnormal features in their absorption spectra other than a blue shift of 3 to 5 nm in the APrmax and that appeared to be of native molecular mass as judged by denaturing PAGE were markedly altered in the reactivity of their sulfhydryl groups to DTNB and in binding to agarose-immobilized Cibacron blue 3GA. The fact that distinct differences in reactivity of Pr and Pfr to both of these probes were essentially abolished while other general features of the protein were not changed implies that the part of the protein involved in the phototransformation of Pr to Pfr was altered. These facts suggest that this part of the protein may be directly involved in the biochemical action of phytochrome. Rigorous measures should be taken to protect this highly reactive region when isolating phytochrome for molecular studies.
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